Though the majority of bacteria can form structured communities known as biofilms, mutations can cause bacterial strains to vary in their ability to form a biofilm. In this study, the apparent diffusion coefficient of polystyrene microspheres 0.29 µm in diameter, which were executing Brownian motion inside bacterial colonies, was used as a quantitative parameter of the ability of a strain to form a biofilm and of the biofilm development. The study was performed using five Sinorhizobium meliloti strains, the biofilm-forming strains Rm8530 expR + , Rm8530 exoY, and Rm9034 expG, and the non-biofilm forming strains Rm1021 and Rm9030-2 expA1. The green fluorescent beads were placed with each strain in a separate channel of a microfluidic device. Thus, as the bacterial colonies grew under identical conditions over a 4-day period, the motion of the fluorescent microspheres was recorded and the diffusion coefficients were measured every 24 hours via particle tracking algorithms. It was found that each strain displayed a unique pattern of change in diffusion coefficient over time. Also, for a given biofilm-forming strain, there was a clear correlation between the value of the diffusion coefficient and the appearance and motility of the bacterial community. Thus, the diffusion coefficient can be used to identify different S. meliloti strains, and for the biofilm-forming strains, it is also a quantitative indicator of the stage of biofilm development.
water, and the biofilms found on catheter infections, are structured communities of bacteria. Biofilms are formed by the majority of bacteria in natural and pathogenic ecosystems. Unlike a simple aggregation of bacterial cells, the bacteria in a biofilm are surrounded by a mixture of polymers, known as the extracellular polymeric substance (EPS). In order to prevent the formation of harmful biofilms, it is essential to quantify bacterial growth and biofilm development as well as be able to distinguish between bacterial strains that can form biofilms from strains that cannot. However, exactly because biofilm formation is contingent on the secretion of the polysaccharides that form the EPS matrix, rates of cell division alone are not enough to quantify biofilm development.
In order to study and quantify biofilm growth, Sinorhizobium meliloti is chosen as the model organism, but other bacteria (e.g. Pseudomonas) have also been used in the literature. S. meliloti bacteria have a symbiotic relationship with alfalfa plants as they form nodules on the roots of the plants and fixate nitrogen in exchange for carbohydrates. The production of the extracellular polysaccharides (EPS) of the bacteria is essential for the establishment of this symbiosis. S. meliloti produce two types of EPS: EPS I (succinoglycan) and EPS II (galactoglucan), where low molecular weight EPS II is found to play an important role in biofilm formation [1] . Therefore, different S. meliloti strains, wild types and mutant strains that contain mutations that affect their ability to produce EPS, particularly EPS II, will vary in their ability to form a biofilm.
Research suggests that biofilm features can be quantified by optical methods [2] and via the analysis of biofilm images. For the latter, several algorithms and parameters have been developed and defined to quantify biofilms. Parametrized features of biofilms include morphological parameters such as fractal dimension and quantitative parameters such as bio-volume [3] [4] . Furthermore, there are several techniques that can be used in order to assess the mechanical properties and permeability of the EPS matrix [5] . Two such methods are Single Particle Tracking (SPT) or Multiparticle Tracking (MPT) where one or more beads are observed, respectively. Both methods are based on the beads being inside the EPS matrix of the biofilm. Due to thermal fluctuations, the beads execute Brownian motion, which is the erratic random movement of microscopic particles in a fluid, as a result of continuous bombardment from molecules of the surrounding medium. The motion of the beads is imaged via video microscopy, the images are processed via particle tracking algorithms and, finally, the particle trajectories are obtained. Using these trajectories the EPS matrix can be studied without disturbing the system [5] . In one such study, SPT was used to obtain the diffusion coefficients of differently charged beads showing in this way that surface functionalization of the particles affects their mobility in 1-day old B. multivorans and P. aeruginosa biofilms and in cystic fibrosis sputum [6] . In another study, SPT was used to find the beads' mean-square displacement in E. coli biofilms at their 2 nd and 4 th day of growth so as to determine how the motion of the beads is affected by their size and charge [7] .
In other studies, rather than obtaining the diffusion coefficients associated with the Brownian motion of microspheres, the diffusion coefficients of macromolecular solutes were determined instead. This was done for various biofilmforming bacteria, such as Pseudomonas fluorescens [8] , Staphylococcus epidermis [9] , Streptococcus mutans [10] , as well as oral biofilms [11] . Such macromolecular solutes are fluorescently tagged so that they can be easily observed and distinguished from the surrounding bacteria. In these studies the diffusion coefficient was measured by observing the fluorescent intensity of a biofilm cell cluster over time as the fluorescent macromolecules penetrated the cluster. The techniques used for this purpose were confocal laser microscopy or fluorescence recovery after photobleaching (FRAP).
In this paper, we are also using SPT to obtain the diffusion coefficients of microspheres inside S. meliloti colonies. However, this study includes mutants of the bacteria in order to determine whether the diffusion coefficient can distinguish between the strains and quantify bacterial growth. Furthermore, the strains are set to grow inside the channels of a microfluidic device. Microfluidic devices are used extensively for experimental studies in microbiology in general [12] and in biofilm formation [13] and biofilm properties [14] [15] in particular. 
Biofilms
In order to determine the viability of the diffusion coefficient as an indicator of biofilm growth, the five strains of S. meliloti used in this study include two wild types (Rm1021 and Rm8530 expR + ) and three mutant strains (Rm8530 exoY, Rm9034 expG, and Rm9030-2 expA1). These strains present variation in their EPS production and synthesis via gene expression that is well documented. It has been found that the Rm1021 strain does not show extensive biofilm formation as it does not produce the low molecular weight EPS II. This is because Rm1021
carries an insertion mutation within the expR + gene and this insertion prevents EPS II production under standard culture conditions [18] . Strain Rm8530 expR + , on the other hand, has a functional expR gene, which results in EPS II production and thereby, the formation of a highly structured biofilm [1] . The exoY gene affects the biosynthesis of EPS I [19] . Therefore, the Rm8530 exoY mutant is incapable of producing EPS I but, since it can still produce EPS II, it can form highly structured biofilms [20] . The expG is a transcriptional activator of the exp gene that regulates EPS II biosynthesis [21] . The Rm9034 expG strain has an intact functional expR gene but the expG gene has been deleted. This deletion has been found to have no effect on the level of exp gene expression in strains similar to those with the intact expR + gene [22] . Thus, Rm9034 expG strains are able to produce EPS II and form biofilms. Lastly, the Rm9030-2 expA1 strain is missing the structural gene expA1. As a result, the EPS II polysaccharides cannot be synthesized and, thus, this strain cannot form biofilms [18] . Table 1 summarizes these characteristics.
Since these strains differ in their ability to produce EPS II and, thus, form biofilms, it is expected that beads placed in these bacterial communities will present differences in their Brownian motion: the strains with the most structured biofilms will have the most dense colonies and viscous EPS matrix, resulting in the lowest diffusion coefficients for the beads. Thus the diffusion coefficient can be an effective quantifying parameter for distinguishing between the strains and for biofilm growth.
Diffusion Coefficient
The diffusion coefficients are measured by tracking the microspheres as they randomly move within the bacterial colonies. Based on a particle's positions along the xy plane the effective diffusion coefficient can be determined using the mean-square displacement formula Equation (2) cannot be applied for beads moving inside a biofilm because their Brownian motion is not free. This is because D will be affected by the density of the cells within the biofilm community, the nature of the biofilm (i.e. via electrostatic interactions between the microspheres and the biofilm's EPS matrix), as well as other physical properties (e.g., biofilm heterogeneity), all of which will be changing as the bacterial community develops. Equation (2) can, however, be used for estimating D in control experiments where the beads are seen to diffuse freely in media where there are no bacteria.
Therefore, in the work described in this paper we are examining whether the Table 1 about which strains form biofilms. In addition, we are examining whether the diffusion coefficient can be used as a quantitative indicator of the colony's growth. After injecting a mixture of bacteria-beads for each bacterial strain into the microfluidic channel, the particles' motion is observed every 24 hours using fluorescence microscopy and particle tracking algorithms as the bacteria grow for 4 days. By tracking the particles and determining their positions, the diffusion coefficient can be calculated via Equation ( 
Materials and Methods
The experimental methodology was developed as summarized in Figure 1 . The time interval between any two consecutive boxes 1 -4 can be arbitrary. However, when the strains and control samples are injected in the chip (box 5) the data acquisition (box 6) needs to be performed periodically, which in this study was every 24 hours. The major components of the experimental technique are the preparation of the biofilm strains, the manufacturing of the microfluidic devices, Figure 1 . The experimental procedure and microfluidic device. Each channel (100 μm wide × 12 μm tall × ~2 cm long) of the microfluidic device (upper right corner) was filled with a strain of the bacteria-bead solution. A separate channel contained the control solution of only media and beads (not depicted). The diffusion coefficient for the microspheres was calculated via MATLAB using particle tracking algorithms and Equation (1) .
and the data and statistical analysis.
Bacterial Strains
The S. meliloti strains used in this study are listed in Table 1 
Microfluidic Devices
The microfluidic devices were made using the techniques of soft lithography and chip fabrication [12] 
Data and Statistical Analysis
Starting on Day 0 and every 24 hours the small polystyrene beads were observed Each day, snapshots of the microspheres were taken every 0.2 s for a total of 10 s (i.e., 51 images) using a Hamamatsu digital CCD camera (C8484) (Figure 1 , box 6). Acquiring data for more than 10 s was not feasible since the beads would usually drift out of focus. Then the beads' positions were tracked using a com-puterized centroid tracking algorithm [24] in MATLAB ( Figure 1, box 7) . The beads selected to be tracked were those that had not adhered to the PDMS sur- 
Results
The observed values of the diffusion coefficients for all strains and days are shown in Figure 2 . It can be seen that the D value remains the same (no statistically significant differences) across all days for the control. Furthermore, D is the same for all strains on Day 0 and is the same as the value for the control, as was Table 2 summarizes the results of these parametric tests.
In Table 2 Rm8530 expR The quantitative description of the bacterial growth via the diffusion coefficient was supplemented by a qualitative description that was conducted based on the morphology (i.e., appearance and cell motility) of the bacterial colonies under brightfield microscopy. Table 3 Day 4 were so dense that they likely included many dead bacteria. Figure 3 shows that the states are distinguishable. Furthermore, the EPS II-producing strains were seen to develop structured biofilms and, thus, the images provided a visual confirmation of the biofilm-forming strains [1] .
Discussion
Careful examination of the results associated with the control samples was the first step in ensuring the validity of the experimental methodology. Indeed, the average value of the diffusion coefficient in the control experiments across all Furthermore, the results suggest that the missing expG gene from strain Rm9034 expG does affect the biofilm's rate of development, implying that having both genes expR + and expG leads to faster production of EPS II and, thus, a greater biofilm growth rate. Taking data at shorter time intervals (<24 hours) can further determine the amount by which Rm9034 expG develops slower than Rm8530 expR + and Rm8530 exoY.
As shown in Table 2 , the pattern of the changes in D is unique for each strain. This observation suggests that D can be used as an identifier of each strain. Also, the statistically significant decrease in D from Day 1 to Day 2 ( Table 2 ) that was exhibited by only the biofilm-forming strains suggests that this decrease observed in the time interval Day 1 -2 is an important indicator of whether a strain will form a biofilm. Thus, D can be used as an indicator of biofilm formation.
As expected, no statistically significant changes were found: 1) across days for the control and 2) across the strains and control for Day 0 (checkpoint results).
However, for Days 1 -4 the five strains had a D value that was significantly different from that of the control sample. This indicates that the growth of the bacteria and the biofilm formation have a considerable effect on the diffusion coef- (Table 3) .
Given these observations, the diffusion coefficient can therefore be used to quantify biofilm formation for biofilm-forming strains. By observing changes in D for a particular strain, the strain can be identified via Table 2 . Then, knowing the strain, individual D values can be used to identify the stage of biofilm formation via Figure 2 and Table 3 . However, for Rm9034 expG, where there was no significant difference between the D values for Days 2 and 3, D cannot distinguish between the states of small vs. large clusters. Therefore, it seems that the size of the clusters does not affect the diffusion of the microspheres in biofilmforming strains. Given that we were only looking at beads that were within cell clusters (Section 2.3) this result is not surprising. Nevertheless, it does suggest that the structure and composition of the clusters does not change with cluster size for this strain. An analogous observation can be made for distinguishing between a densely populated planktonic state, a cell aggregation, and a dense cell aggregation, as is shown for strain Rm9030-2 expA1 where the D values are not significantly different for Days 1 -3. Again this implies that for this strain, since D decreases only slightly from Day 1 to Day 3, other than an increase in cell density, nothing else happens to the structure and composition of the bacterial colony that significantly affects the motion of the microspheres. Conversely, from Day 0 to Day 1, strains Rm9034 expG, Rm1021, and Rm9030-2 expA1 remained in the same morphological state (planktonic) and yet showed a significant change in their respective D values between these two days. This suggests that changes in D cannot be due to morphological changes alone. Therefore, D in this case is sensitive enough to distinguish between states that are morphologically very similar.
Thus, changes in D might have been caused by environmental changes (e.g., changes in viscosity due to EPS production, etc.) that were not apparent when the bacterial colonies were observed under the microscope. Using quantitative parameters (e.g., fractal dimension, bio-volume [4] ) to describe the morphology of the bacterial community will facilitate the numerical correlation between its diffusion coefficient and its morphological state. Furthermore, allowing the ex-periment to continue for a time period that is longer than 4 days and acquiring data at time intervals that are smaller than 24 hours will allow for additional growth stages to be detected.
As the cell cultures transition from state to state (Table 3) , it is seen that D can change (Table 2) . Potential reasons why D changes include: 1) EPS production that increases the environment's viscosity, 2) electrostatic interactions between the beads and the EPS matrix [7] , 3) the irregular structure of the EPS matrix [26] , 4) interactions between bacteria and beads, especially when the bacteria are at a high concentration, as is the case in cell clusters, 5) high density of stationary cells that effectively trap the beads, 6) motion of cells (e.g. swarming) that forces the microspheres' motion, or a combination of the above. Based on Table 3 and Figure 3 , it is likely that each strain presents a unique set of combinations of the above reasons as to why the diffusion coefficient changes from day to day, which explains why each strain shows a unique pattern of changes in D, as presented in Table 2 . the beads with the bacteria in the microfluidic channels allows for the measurements to be made using video microscopy and particle tracking algorithms without disturbing the bacterial colonies. Furthermore, using microfluidics as a platform for this experimental study provides a controlled environment for the simultaneous growth of the five bacterial strains, scalability, and automation. Thus, the combination of SPT, microfluidics, and the use of the diffusion coefficient as the parameter of interest provide an inexpensive and non-invasive alternative to genetic analysis for strain identification and characterization. This, in turn, can result in timely and targeted treatments. Though S. meliloti was the organism used in this study, the same technique can be easily applied to simultaneously study multiple strains and mutations of other biofilm-forming bacteria and, thus, the applications can be extended to include other harmful bacterial strains. 
Conclusion

